Introduction
Knowledge of the three-dimensional structure of a protein is central to an understanding of its function. However, structure determination by X-ray crystallography is not always possible. while today, largely due to the advent of nucleic-acid sequencing, the amino-acid sequence of a protein can be determined relatively easily. Renaturation experiments (e.g. An finsen. 1973) have shown that the three-dimensional structure of a protein is encoded in its chemical formula. thus, in principle, it should be possible to predict theoretically the three-dimensional structure of a protein from its sequence [for reviews of the field, see Sternberg & Thornton (1978) , Schulz & Schirmer (1979), Richardson (I98 I), Rossmann & Argos ( I 98 I), Sternberg (1982) l. The present paper describes an approach to structure prediction based on the combinational docking of a-helices and @rands into a tertiary fold.
Energy calculations
The direct approach to structure prediction would be to search explicitly for the conformation of minimum free energy. However, it is uncertain that the present-day description of the free energy of the protein/solvent system is sufficiently well modelled (e.g. Finney et al., 1980) that the calculated minimum could correspond to the native structure. In addition, as even the smallest proteins with about 50 residues can adopt some IO5O conformations, there is a computational-search problem. Indeed, calculations have suggested that for a protein to (re-) fold in the observed time of seconds there must be a pathway(s) along which the protein assembles (e.g. Wetlaufer. 1973) . One approach to reduce the search problem is to use a simplified representation of the protein structure involving one or two effective centres per residue together with appropriately rough energy functions (Levitt & Warshel, 1976; Robson & Osguthorpe, 1979) . However, at present this approach has only led to the predicted structures whose r.m.s. (root mean square) deviation from the crystal conformation is only slightly better than that expected for a random, compact fold (see Cohen & Sternberg, 19800) . The typical dihedral angle (0) and separation (d) between a pair of a-helix axes is given for each class. The residues on the surface of an a-helix are represented by circles and a typical pattern of residues that mediate the ala-pairing is shown for each class. The allowed central residues for each interaction are described. From Sternberg ( I 982).
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The combinatorial approach three stages. the polypeptide chain.
An alternative approach to structure prediction might involve (i) Predict the locations of the a-helices and P-strands along (ii) Pack the a-and P-structures into a rough tertiary fold. (iii) Finally, use energy calculations to refine the fold into a detailed tertiary structure.
The first step-secondary-structure prediction-has been studied extensively: a-helices and P-strands can be located with around 70% accuracy (e.g. Schulz & Schirmer, 1979). The second step, which uses the combinatorial approach, will cow be described.
Today some 70 different protein architectures have been determined and about half of these belong to one of three well-defined packing motifs (Chothia et al., 1977 : Richardson, 1981 . The motifs are: a/$ involving the assembly of pairs of a-helices (e.g. myoglobin): P/P, with the stacking of two, predominantly antiparallel, /3-sheets (e.g. an immunoglobulin domain); and a/@, where a-helices pack against a predominantly parallel /3-sheet (e.g. the glycolytic enzymes). The combinatorial approach has been applied to each of these three motifs.
a/a proteins Richmond & Richards (1978) analysed the packing of a-helices in the crystal structure of sperm-whale (Physeter cafodon) myoglobin. Three classes of a/a-interactions were observed, each with a standard interhelical separation and dihedral angle and with a typical pattern of non-polar residues on the surface of the a-helix that mediates the a/a-packing ( Richmond & Richards (1978) then developed an algorithm that starts with the amino acid sequence and the correct (i.e. crystallographic) assignment of a-helices, and predicts possible non-polar docking sites on the a-helices. The list of predicted sites includes all sites actually used in the a/a-associations in myoglobin.
Cohen et al. (1979) showed that some lo8 possible tertiary folds for myoglobin are generated when all appropriate combinations of predicted sites are paired. Amongst these lo8 folds, one will be an approximation to the correct fold. which will involve the pairing of a-helical sites with the interhelical geometry of the native structure. Two filters were used to remove incorrect folds: (I) there must be a sufficient number of residues between sequential a-helices to span the connection distance; and (2) a-helices should not bump. These filters lead to a reduced list of 20 folds. The further use of constraints on inter-residue distances that were imposed by the stereochemistry of the attachment of the haem to apomyoglobin further reduced this list to two (Cohen & Sternberg. 1 9 8 0~) . One of these two folds was close to the native structure with a r.m.s. deviation of 0.43 nm compared with a random deviation of 1.62nm.
PIP-and alp-proteins
The stacking of two P-sheets has been examined (Cohen el al.. 1980, 1981a; Chothia & Janin, 1981) in several proteins. including the immunoglobulins. Typically the P-sheets stack with a separation of -1.0nm and a left-handed rotation between them of -3OO. The non-polar residues that mediate the sheet packing trace anti-complementary paths on the two sheet surfaces (Cohen et al.. 1980, 1981a) as a result of the twisted nature of the P-sheet (Chothia, 1973) . In addition. there are topological restrictions on the relative positions of P-strands in the P-sheets such as the almost-invariant right-handedness of the connection between parallel P-strands (see Sternberg & Thornton, 1976 , 1977 : Richardson, 1976 , 1977 : Ptitsyn et al.. 1979 ). These observations have been incorporated into a combinatorial algorithm to predict the tertiary fold of P/ /$structures that starts from the amino acid sequence and the crystallographic assignment of P-strands (Cohen et al., 1980) . The algorithm was applied uniformly to nine PIP-structures. More than lo7 folds were possible for each PIP-structures. However, filters decreased this number markedly, so that when the allowed structures were rank-ordered by a measure related to the number of intra-sheet hydrogen bonds, a native-like structure typically was in the top 300. The native-like structures had r.m.s. deviations from the correct structures ranging from 0.14 to 0.5 1 nm, compared with a random result of -1 . 1 nm.
Packing rules similar in kind to those described for / 3/ /3-proteins have been found in a/P-proteins (Janin & Chothia, 1980 : Ptitsyn & Finkelstein, 1980 : Cohen et al., 1982 . A combinatorial algorithm for a/P-protein has also been developed that yields results similar to those for PIP-proteins (Cohen et al.,  1982) .
Application of the combinatorial approach
There are several problems that must be solved before the combinatorial docking of secondary structures can be used in a general prediction scheme. Secondary-structure prediction is not yet accurate enough to provide the starting assignment required by the scheme (Schulz & Schirmer, 1979) . One approach to improve secondary-structure prediction might be to have some feedback from a teriary-docking algorithm. Another problem is that many proteins are divided into spatially distinct regions. known as domains (Wodak & Janin, 1981) . and an algorithm is required to locate the link between domains starting from the amino acid sequence. At present the result of the combinatorial approach is a reduced list of possible structures and methods are required to identify the correct fold and discard the alternatives. Despite these problems the combinatorial approach can be used to predict unknown structures based on a proposed analogy with a protein of known conformation. The PIPalgorithm in conjunction with a secondary-structure prediction has been used to demonstrate that /3,-microglobulin, a fragment of the HLA-B7 histocompatibility antigen, and a cell-surface antigen, Thy-1, will adopt an immunoglobulin-type fold (Cohen  et al., 1980, 19816) . The a/a-algorithm was used to propose a tertiary model for interferon (Sternberg & Cohen, 1982) . Secondary-structure prediction on four related sequences suggested that there might be four a-helices. A probable structure for these a-helices (Fig. 2) would be a 4-fold bundle similar to that observed in several globular proteins. The stereochemistry of the packing of the a-helices was investigated by the a/a-docking procedure. The resultant structure is consistent with the known disulphide linkages. Furthermore, certain amino acid residues conserved between the different sequences, although distant along the polypeptide chain, are close in the tertiary model and might have a functional role.
One of the advantages of the combinatorial technique is that the use of empirical rules to dock a-helices and P-strands enables the algorithm to incorporate stereochemical principles such as the pathway of folding without these principles being fully understood. Therefore, at least for the proteins that belong to a group with a well-defined structural motif, the combinatorial approach might well provide a solution to the protein-folding problem more readily than techniques that rely solely on energy calculations.
Introduction
In the sixties, quantum chemistry grew by the application of quantum mechanical ideas from physics to chemistry. Likewise, computer-simulation techniques are presently being developed from statistical mechanics. Quantum chemistry explained the structure of molecules and considerably improved the understanding of chemical bonding. It connects structure with simple interactions between nuclei and electrons.
Statistical mechanical-simulation techniques will contribute to the understanding of dynamical properties of molecular systems and will relate complex properties to simple interactions between atoms. Dynamical details and related functional properties will be predicted for molecules in a liquid environment. The computer becomes the experimental device of the theoretician. However, as in quantum chemistry, the validity of simulation techniques must first be determined by comparison with experiment before their results may be used for the prediction of properties of molecular systems.
Computer-simulation techniques
How is a computer simulation of a liquid performed? As an example, we describe a molecular dynamics (MD) simulation of liquid argon at low temperature (Alder & Wainwright, 1957 : Rahman, 1964 . We put N = 8 x 8 x 8 = 256 atoms in a cubic box, equidistant from each other. The size of the box follows from the density. We assume that the dynamks of this-system is governed by an interaction potential VG,, r2, . . ., rN), which depends on the positions of all atoms (Fig. 1) . To avoid surface effects, we surround this central box with copies of itself, thus generating a periodic lattice. All atoms in the central box are now surrounded by atoms in all directions.
Next we assign initial velocities to the atoms: e.g., they can be taken from a Maxwell distribution at a given temperature. It is assumed that the system obeys classical Newtonian mechanics (Fig. I) . These 3N coupled differential equations are subsequently integrated by using small time steps. At. yielding trajectories for all N atoms.
A simple algorithm for this numeric21 integration is that due to Verlet (1967). The co-ordjnates r i ( t + A t ) of atom i are developed in the co-ordinates ri(t) and its derivations at time t. by using a Taylor expansion: <(t + At)= <(t) + c A t + +mT1 Fi(t)(At)2 + im;' c ( t ) ( A t ) 3 (1) 4 
